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Abstract. The strength of nickel-based superalloys usually consists of solid solution strengthening
from the gamma matrix and precipitation hardening due to the gamma' and/or gamma" precipitates.
In the present work, a model was developed to calculate the high temperature strength of nickel-based
superalloys, where the temperature dependence of each strengthening contribution was accounted for
separately. The high temperature strength of these alloys is not only a function of microstructural
changes in the material, but the result of a competition between two deformation modes, i.e. the
normal low to mid temperature tensile deformation and deformation via a creep mode. Extensive
validation had been carried out during the model development. Good agreement between calculated
and experimental results has been achieved for a wide range of nickel-based superalloys, including
solid solution alloys and precipitation-hardened alloys with different type/amount of precipitates.
This model has been applied to two newly developed superalloys and is proved to be able to make
predictions to within useful accuracy.

1. Introduction

Nickel-based superalloys have been widely used in aircraft engines and land-based gas turbines
where high strength at elevated temperatures is required. It has always been an important task to
develop alloys with better high temperature properties. Improved properties may be achieved by
modifying alloy chemistry and processing route. Traditionally, alloy design follows a trial-and-error
approach which is both costly and time consuming. It is now highly desirable to develop advanced
computer models to facilitate the design of alloy composition and processing route.

The strength of nickel-based superalloys arises from solid solution strengthening in the y matrix
and precipitation hardening due to the ordered y' precipitates which are coherently embedded in the
matrix. When temperature increases, both strength contributions will be affected, resulting in a
change in the alloy’s strength. In the present work, a computer model has been developed such that
the strength of nickel-based superalloys can be calculated as a function of alloy composition, heat
treatment and temperature. The model is based on general theories on phase transformations
(including thermodynamics and kinetics) and strengthening, and is therefore able to perform
calculations in a predictive manner to within useful accuracy. Recently a similar attempt was made
by Nembach and co-workers.[1] However, their model only dealt with two alloys and many
important material parameters, set as constants, were obtained by fitting calculation with
experimental results for each alloy. Since in reality the values of these parameters differ from alloy to
alloy, such model has little predictive capacity.

In the first part of the paper, the procedures for developing the model are described in detail. The
second part features validation of the model over a wide range of commercial alloys including solid
solution alloys and precipitation-hardened alloys with different type/amount of precipitates. The
model was then applied to two newly developed nickel-based superalloys. The model for high
temperature strength calculation forms part of the development of a computer software, JMatPro,
which allows the present calculations to be carried out readily via a user-friendly graphical interface.
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2. Model Development

The first step of the model development is to calculate solid solution strengthening and precipitate
hardening at room temperature (RT). The influence of temperature on each contribution will then be
discussed. When the temperature is high enough, the alloy will deform via a creep mechanism.
Therefore the creep behaviour of nickel-based superalloys is also discussed.

2.1 Solid Solution Strengthening. The yield stress o, of a single phase material is calculated
using the standard Hall-Petch equation:

5, =G,y +kd;" ()

where o, and k are the intrinsic flow stress and Hall-Petch coefficient of that phase both of which
are composition dependent, and d, is the grain size. Accurate information on phase fractions and
constituents is obtained from thermodynamic calculations within JMatPro, the reliability of which
has been extensively tested.[2,3] Eq. 1 draws on a flow stress database and a Hall-Petch coefficient
database to describe the composition dependence of o, and & in a single phase, based on work from
literature.[4,5,6,7] These databases have been validated on numerous solid solution nickel-based
alloys and stainless steels.[8,9] Comparison between the calculated and experimental results is
shown in Fig. 1. It should be noted that the same equation and data can be used to calculate the yield
stress of the face-centred-cubic (FCC) phase in both nickel-based superalloys and steels.

Once accurate calculations are available for the room temperature strength (orr) of an alloy, the
next step is to relate the strength at high temperature to this room temperature value. Examination of
the yield strength as a function of temperature, o(7), for many austenitic steels and nickel-based solid
solution alloys shows a clear correlation between the rate of decrease in ¢(7) with increasing
temperature and ogr. The decay is well matched by an exponential equation of the following type:
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where a and f are constants directly related to oxr and the value of Q, which is determined
empirically through regression analysis based on the data of a wide range of austenitic steels and
nickel-based solid solution alloys. The relationship between strength and temperature is well
represented by Eq. 2, as shown in Fig. 2. It should be noted that strength data at temperature higher
than 750°C were not included, for reasons that are discussed in later sections.
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Fig. 1. Comparison between calculated and
experimental yield strength at room temperature
for solution hardening alloys

Fig. 2. Comparison between calculated and experimental
yield strength over a wide temperature range for solution
hardening nickel alloys



2.2 Precipitation Hardening. In nickel-based superalloys strengthened by ordered y' precipitates,
dislocations with Burgers vector a/2<110> (a is the lattice parameter of the matrix) typically travel in
pairs, because the passage of a pair of the matrix dislocations through a y’ particle restores perfect
order on the {111} slip plane. When the particle is small, the yield strength is determined by the
strength that is necessary to move weakly coupled dislocation pairs. The first dislocation bows out
and the second dislocation remains straight. The yield strength due to precipitation, o;;, can be
expressed as:[10,11]
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where M is the Taylor factor that relates the yield strength in polycrystalline material and critical
resolved shear strength in single crystal specimens (=3 for FCC metals);[12] 7/ is the antiphase
boundary (APB) energy in the {111} plane; b is the Burgers vector of dislocation; d is the mean
particle diameter; f is the volume fraction of the y' precipitates; 7; is the dislocation line tension,
Gb?/2, where G is the shear modulus of the matrix; and 4; is a numerical factor depending on the
morphology of the particles, which equals to 0.72 for spherical particles.

When particles become large, the coupling of the dislocations in the pair will be strong and both
dislocations may reside in the same particle. Hiither and Reppich analysed this situation for spherical
ordered precipitates and derived a formula in which the yield strength due to precipitation hardening
is calculated as a function of the particle size according to:[13]
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The parameter @ accounts for the repulsion of the dislocations within the precipitates, which is of the
order of the unity and can be empirically determined.[14]

For any given particle size, the yield strength is governed by the lower of the two values, o;; and
0,2, since dislocations always tend to move by whichever mechanism that provides the least
resistance to glide. Most of the input into Egs. 3 and 4 can be calculated through an equilibrium
thermodynamic calculation combined
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Alloys such as 625 and 718 are predominantly strengthened by y" phase; same amount of y" will
provide substantially more strength than y' owing to the significant lattice mismatch of y" along its
major axis, which provides a further strain hardening contribution.

For small y" precipitates, the following equation is used to take this into account after Oblak et
al.:[18]
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where o, is the strength contribution from strain hardening, ¢ is the lattice mismatch in the major
axis,[19] r is the average radius of the particles in the major axis and f'is the volume fraction of the
particle. For large y" precipitates, the strength contribution from strain hardening, o», is calculated
using the following equation after Smallman:[20]

e
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The total particle strengthening contribution is considered to be a summation of that from strain
hardening and dislocation cutting mechanisms. Based on the method described above, calculations
have been made for the room temperature yield strength of a 718 alloy based on a y grain size of 100
um and y' and y" particle sizes of 15 and 25 nm respectively, taken from Chaturvedi and Han,[21]
which is consistent with other studies of 718 and variants.[22,23] The yield strength is calculated as
1223 MPa, which falls in the range of 1185-1365 MPa for commercial 718 alloys.

The contribution of precipitation hardening on the deformation strength at higher temperatures
follows exactly the same equations described above, by considering the temperature dependence of
all the parameters involved in
Egs. 3-6. Fig. 4 demonstrates the
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section).

2.3 Creep Strength. When the temperature is over a critical temperature, which is typically
around 800°C for nickel-based superalloys, there will be competition between yielding via the LMT
deformation mechanism and creep at higher temperatures. In the latter case, the effective yield
strength will then be the applied stress that is required to produce a creep rate equal to that strain rate
used in the equivalent high temperature tensile testing. This critical value of the applied stress will be
labelled the creep strength. The final yield strength of the material is whichever is the smaller value
of the LMT deformation strength and the creep strength at the testing temperature.

Many formulations have been proposed to calculate the secondary creep rates,[25,26,27,28]
however, there is as yet no relationship that can be considered as being universally applicable. The
present work uses a formulation for the secondary creep rate [26] that features both a back stress
function [29] and takes the stacking fault energy (ysre) explicitly into account.[30] This approach
was selected as it contains parameters that have an identifiable physical basis and which can be
calculated self-consistently. The ruling equation is taken as:
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where ¢ is the secondary creep rate, 4, is a materials dependent parameter, Dy is the effective
diffusion coefficient, ysrr is the stacking fault energy of the matrix, o is the back stress, £ and G are
the Young’s modulus and Shear modulus of the matrix at the creep temperature, respectively. The
back stress o 1s calculated following the treatment of Lagneborg and Bergman.[28] D, 1s considered
to have a contribution from pipe diffusion as well as lattice diffusion.[31,32] This becomes important
at low temperature and high stress.

The majority of the input parameters in Eq. 7 can be obtained (or calculated) from databases
already available within JMatPro.[33] The composition and amount of each phase such as y, y" and/or
y" at creep temperature are obtained from thermodynamic calculations. G and E are calculated from
the physical property databases which include their temperature dependence. oy is directly calculated
from the strengthening contribution of y' or y". jsrg at the creep temperature is calculated from the
Gibbs energy difference between FCC and HCP structures,[34] and Dy is calculated from the
diffusion database. This leaves A4, as the only adjustable parameter, whose value has been obtained
by fitting calculations with experiments. Fig. 5 shows the correlation for a very wide range of alloys
calculated using the approach described above. The experimental creep rates were drawn from
literature.[21,35,36,37,38,39] As can be seen from Eq. 7, once the strain rate of the tensile test is
known, the creep strength at this temperature for the same creep rate can be calculated.
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3. Performance of the Model

Fig. 6 shows the comparison between experimental[40] and calculated yield strength vs. temperature
for two commercial grades, one a solid solution alloy (Nimonic 75), the other hardened by Y’
precipitates (Nimonic 105). For Nimonic 105, in the creep controlled region, the alloy is weakened
by the gradual removal of y" until it becomes fully y above its solvus temperature of 1025°C. The
calculation procedure for solid solution alloys is simple as no phase changes take place. However, in
the case of y" and y" hardened alloys, the dissolution of both y" and y" must be considered. Below the
final heat treatment temperature, the amounts (and distributions) of y" and y" are considered to be
kinetically “frozen in” for the purposes of the calculation. Above this temperature dissolution to their
equilibrium amount is allowed. The total number of y’ and y" particles is kept constant, which means



that they shrink in size with increasing temperature.

There are two ways to make the calculation for y" and y" hardened alloys: (i) the size and
distribution of particles after final heat treatment is used directly as the input; (ii) if this information is
not known, the experimental yield strength can be used as an input and a single modal y" and/or "

particle size back calculated to
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Recently, a new Ni-based
superalloy, Inconel alloy 740 (Ni-24Cr-20Co-1Fe-0.5Mo0-0.8Al1-1.7Ti-2Nb-0.05C in wt%), has been
designed to meet the demand for high efficiency in coal-fired power plants.[41] This alloy is
strengthened by y' formed during ageing at 800°C. Using the reported average grain size 50 um and
particle size 40 nm,[41] the room temperature yield strength of the alloy is calculated as 785 MPa.
The strength vs. temperature curve based on this particle size is shown in Fig. 8. From the
experimental yield strength vs. temperature curve in Ref. 41, the room temperature yield strength is
estimated as 740 MPa and y’ particle size back-calculated to be 53 nm. Using the room temperature
yield strength 740 MPa as input, the strength vs. temperature curve was calculated and shown in Fig.
8.

Tancret et al. [ 42 ] designed a new Ni-based superalloy
(Ni-20Cr-5Fe-2.3A1-2.1Ti-3.5W-0.451-0.07C-0.005B in wt%) for use in future fossil fuel power
plant with steam temperatures as high as 750°C, with a composition. y' precipitates form in this alloy
during ageing treatment. Based on the experimental room temperature yield strength 790 MPa, the
strength vs. temperature curve of this alloy was calculated and is shown in Fig. 9. Using the observed
precipitate size 100 nm with a grain size of 175 um, the calculated room temperature yield strength is
774 MPa and y' particle size back calculated to be 116 nm. The strength vs. temperature curve
calculated based on this particle size is also shown in Fig. 9. A comparison has also been made
between the calculated and experimental secondary creep rate, Table 1. The agreement is comparable
with that obtained by the neural network technique used by Tancret but has the advantage that it is
based on a more direct input of materials parameters rather than merely obtaining them from
statistical analysis.
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Table 1. Comparison between experimental and calculated secondary creep rate at 750°C
Stress (MPa) 200 230 260 290 320
Exp. creep rate (x10”s™) 0.758 2.27 8.35 27.7 83.3
Cal. creep rate (x10”s™) 0.497 2.24 8.88 25.0 56.0
Summary

A model has been developed in the present work to calculate the high temperature strength of
nickel-based superalloys, and includes the cross-over in deformation mechanisms attributable to low
to mid temperature deformation and creep at higher temperatures. Good agreement between
calculated and experimental results has been achieved for a variety of nickel-based superalloys,
including solid solution alloys and precipitation-hardened alloys with different type/amount of
precipitates. Extensive validations against experimental results were carried out during the
development of the model. The model has been applied to two newly designed alloys and generated
predictions in good agreement with experiments. A significant advantage of the present model is that
all the information required for strength calculation can be obtained using materials parameters that
are already present within existing JMatPro software and the implementation of the high temperature
strength module can take advantage of the existing user-friendly interface.
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